The deformation of isolated multiwalled carbon capsules of a few nanometers in diameter was observed by in situ transmission electron microscopy with simultaneous force measurement by means of an optical cantilever method as used in atomic force microscopy. The mechanical properties of the carbon nanocapsules were investigated on an atomic scale. A carbon nanocapsule of 2.50± 0.06 nm in diameter was selected and compressed upto a strain of 0.06 at a force of up to 4.5± 0.5 nN using a nanometer-sized gold tip of a microcantilever. By subsequent retraction, we measured the force between the carbon nanocapsule and the gold tip, and assessed the adhesion.
Since the discovery of fullerene C 60 molecules, 1 various nanometer-sized hollow cage structures of carbon and boronnitride have been synthesized. They are called giant fullerenes, 2 single-walled 3, 4 and multiwalled nanotubules, 5, 6 onions, [7] [8] [9] spheres, 10 cubes, 11 hollow nanoparticles, 9, [12] [13] [14] cones, 15, 16 and horns. 17 The mechanical properties originating from such peculiar structures have been studied both theoretically and experimentally. For a C 60 molecule, the bulk modulus was predicted to be ϳ700 GPa by elastic continuum mechanics and calculations via the tight-binding method, 18, 19 and compressive and tensile deformations were investigated by molecular dynamics simulations and continuum mechanics. [20] [21] [22] [23] On the other hand, it was reported that C 60 molecules were stable in collisions with silicon and graphite surfaces with an impact energy of up to 200 eV in a vacuum chamber. 24 We recently developed an experimental method to manipulate nanometer-sized carbon tips in a transmission electron microscope 25, 26 and synthesized a different type of fullerene C 60 , i.e., multiwalled nanometer-sized carbon capsules. 27 In this letter, we demonstrate in situ atomistic observations and simultaneous force measurements of the deformation of individual carbon nanocapsules.
We synthesized single crystalline whiskers composed of C 60 molecules with submicrometer diameters by a liquidliquid interfacial precipitation method using a toluene solution saturated with fullerene powders of C 60 : -3 mol % ͑ 2 −C 60 ͒Pt͑PPh 3 ͒ 2 and isopropyl alcohol. 28, 29 The crystalline C 60 whiskers were heated in high vacuum at 1373 K for 30 min to transform them into amorphous carbon whiskers. The transformed whiskers were then dispersed on the tip of a gold plate of 50 m thickness. The plate was mounted on a specimen holder on a transmission electron microscope equipped with an optical cantilever force measurement system. 25 The nanometer-sized silicon tip of the cantilever, as used for atomic force microscopy, was coated with a gold film of 5 -10 nm thickness, and was then fixed in front of a tube type piezoelectric element on another specimen holder. The cantilever tip was brought into contact with one of the amorphous carbon whiskers at every atomistic interval inside the combined microscope. We impressed a current into the whisker at room temperature in a vacuum of 1 ϫ 10 −5 Pa to synthesize multiwalled carbon nanocapsules aggregating to the whisker. 27 We separated the cantilever tip from the whisker and stopped current impression ͓Fig. 1͑a͔͒. The transmission electron microscope was operated at an acceleration voltage of 200 kV. Under the observation using the combined microscope, we could discriminate each layer of the nanocapsules as a black line and measure distance until halfa͒ Author to whom correspondence should be addressed; electronic mail: asaka@sakura.cc.tsukuba.ac.jp FIG. 1. Illustration of operation procedure. ͑a͒ Initial configuration of carbon nanocapsule whisker ͑CNCW͒, ͑b͒ transfer of multiwalled carbon nanocapsule ͑CNC͒ to surface of gold plate, and ͑c͒ deformation. width of the line, i.e., 0.06 nm. Thus, we analyzed the structural variation under the spatial resolution. The deformation dynamics was observed in situ using a television capture system. The time resolution of image observations was 17 ms. The variations in force during deformation were measured by the optical lever method. Figure 2 shows a high-resolution image of multiwalled carbon nanocapsules on a whisker surface. The diameter of the nanocapsules ranges from 3 to 10 nm. The nanocapsules are composed of walls with two to four atomic layers. The spacing of the atomic layers is 0.34± 0.06 nm, corresponding to the interlayer spacing of graphite. Well-defined angles are frequently observed on the outer walls of the nanocapsules, as shown by the arrowheads in Fig. 2 . We then picked one of the nanocapsules ͓Fig. 1͑b͔͒ and pressed it into the surface of the gold plate using the cantilever tip ͓Fig. 1͑c͔͒. In the procedure shown in Fig. 1͑c͒ , the nanocapsule was supported by two gold surfaces of the cantilever tip and the plate. The strength of both gold/nanocapsule interfaces increases with their areas. Therefore, when the cantilever tip was pulled from the plate, separation occurred at the smaller interface. During the contact-separation procedure, the area between the cantilever tip and the nanocapsule became smaller and the nanocapsule transferred from the cantilever tip to the gold plate. Figure 3 shows time-sequential high-resolution images of the deformation of the nanocapsule. The compression and subsequent retraction of the nanocapsule were repeated several times. The dark regions at the top and the bottom show the cantilever tip and the surface of the gold plate, respectively. The bright regions indicate vacuum. Figure 4 shows the relationship between the cantilever tip displacement and the force during the deformation seen in Fig. 3 . The points indicated by arrowheads a-h in Fig. 4 correspond to the times at which Figs. 3͑a͒-3͑h͒ were observed. In Fig. 3͑a͒ , the width of the nanocapsule along the compressing direction is 2.50± 0.06 nm, and the walls are two atomic layers. When the distance between the cantilever tip and the nanocapsule is reduced to 1.0 nm, the cantilever tip jumps into contact with the surface of the nanocapsule, as seen in Fig. 3͑b͒ . The attractive force at the jump is found to be 2.0 nN at b in Fig.  4 . We shift the cantilever tip at a speed of 2.1 nm/ s and compress the nanocapsule along the direction indicated by the bigger arrow in Fig. 3͑b͒ . The force increases from 0 ͓Figs. 3͑c͒ and 4͑c͔͒ to 4.5± 0.5 nN ͓Figs. 3͑e͒ and 4͑e͔͒, and the nanocapsule is collapsed by 0.14± 0.06 nm, corresponding to a strain of 0.06. The deformation in Figs. 3͑c͒ and 3͑e͒ is illustrated in Fig. 3͑i͒ . During the compression in Figs. 3͑d͒ and 3͑e͒, the cantilever tip is dented at the interface between the tip and nanocapsule, showing that the nanocapsule is harder than the gold surface. The force increases up to 5.5± 0.5 nN, at which point the cantilever tip is retracted along the direction indicated by the arrow in Fig. 3͑f͒ . Dur- Fig. 3 . The times indicated by arrowheads a-h in Fig. 3 represent the times at which the images in Figs. 3͑a͒-3͑h͒ were observed. At b the cantilever tip jumps into contact with the nanocapsule.
ing the retraction, the cantilever tip pulls carbon atoms in the outermost wall and adheres to the nanocapsule, as indicated by the two smaller arrows in Fig. 3͑g͒ . Finally, the cantilever tip completely separates from the nanocapsule at a distance of 0.20± 0.06 nm and a force of 4.9± 0.5 nN, as shown in Figs. 3͑h͒ and 4͑h͒ .
The compressive force is proportional to the displacement from c to e in Fig. 4 ; the nanocapsule elastically deforms in this region. The spring constant of the nanocapsule is estimated to be 40± 20 N / m. Based on the relationship between the force ͑F͒ and distance ͑x͒, the elastic energy required to compress the nanocapsule up to a strain of 0.06 is roughly calculated to be 1 2 Fx ϳ 2.0 eV. According to the simulation of compressive deformation of C 60 , C 80 , or C 180 , the value ϳ2 eV is on the same order as the elastic energy. 24 In the same way as the calculation for the elastic energy during the compression, the energy required to separate the cantilever tip from the nanocapsule during the retraction is estimated. The force and distance at the separation are 4.9± 0.5 nN and 0.2± 0.06 nm; the bonding energy is calculated to be ϳ3.1 eV in total. The total energy is larger than the cohesive energy of C 60 crystals by van der Waals forces, i.e., 1.5ϳ 2 eV, 30, 31 When we assumed that the interface shape of the present nanocapsule is circular, the area is estimated to be 0.25 nm 2 from the diameter and the bonding energy per atom is calculated to be ϳ0.31 eV. The energy per atom is similar to the adsorption energy of a gold atom on graphite, i.e., 0.45, and 0.64 eV. 32, 33 It was also reported that a strong interaction occurred for C 60 molecules absorbed on gold surfaces. 34, 35 Several studies indicated that the C 60 -gold interaction was due to the charge transfer and chemisorption. [36] [37] [38] [39] It is suggested in this study that similar interaction occurs at the interface between the gold tip and the nanocapsule.
In conclusion, we investigated the compression of individual multiwalled carbon nanocapsules. The displacementforce curve was obtained by in situ transmission electron microscopy, and the spring constant and the adhesion force with the gold surface were estimated.
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